Endothelial dysfunction in essential hypertension is an independent predictor for future cardiovascular events. Although inhibition of the renin-angiotensin system (RAS) reportedly improves endothelial function through its effects on oxidative stress and inflammation, questions remain regarding the factors that are pivotal for improvement of endothelial function by RAS inhibition. We therefore performed a prospective, randomized crossover trial in which an angiotensin II type 1 receptor antagonist, olmesartan and calcium channel blocker, amlodipine, were compared in 31 essential hypertensive patients. Results showed that, although both treatments achieved comparable lowering of blood pressure (BP), olmesartan, but not amlodipine, significantly improved endothelial function as evaluated by flow-mediated vasodilation (FMD) in the brachial artery. Although no significant changes in diabetic and lipid parameters were observed with either drug, olmesartan slightly decreased estimated glomerular filtration rate, which, surprisingly, translated into decreased microalbuminuria. In a similar vein, olmesartan reduced serum C-reactive protein and increased urine antioxidant levels compared with baseline, and reduced urine 8-epi-prostaglandin F2a levels compared with both baseline and amlodipine. Finally, although overall changes in plasma extracellular superoxide dismutase (EC-SOD) levels were not modulated by either treatment, for olmesartan there was a positive correlation between changes in FMD and those in EC-SOD levels. In conclusion, olmesartan improved endothelial function in hypertensive patients independent of its BP-lowering effect, which was due, at least in part, to its antioxidative property. Therefore, olmesartan might provide a greater long-term benefit for hypertensive patients with impaired endothelial function than amlodipine.
INTRODUCTION
Endothelial dysfunction is associated with essential hypertension and other risk factors for cardiovascular disease. 1 These factors impair vascular function and increase blood pressure (BP), thereby accelerating atherosclerosis. 2, 3 The observation that oxidative stress and/or inflammation reduces nitric oxide (NO) availability in hypertensive patients, 4 and the growing evidence for the involvement of the renin-angiotensin system (RAS) in endothelial dysfunction has led to a conceptual breakthrough in developing a therapeutic strategy for improving endothelial function in patients at high cardiovascular risk. Both angiotensin converting enzyme inhibitors (ACEIs) and angiotensin II (Ang II) type 1 receptor antagonists (ARB) are essential drugs for such patients, 5 and have been reported to restore decreased endothelial function by improving NO availability. 6 However, it is still controversial whether improvement of endothelial function is an effect of the RAS inhibitor class because several investigators were unable to observe such an effect for ARB 7 in spite of beneficial effects seen for other classes of antihypertensives. 8 Basic research has clearly demonstrated that the Ang II-mediated signal transduction pathway induces inflammation and oxidative stress. 9, 10 In the clinical setting, ACEI and ARB reportedly improve endothelial function by increasing endothelium-bound (released by heparin injection) extracellular superoxide dismutase (EC-SOD) activity, 6 supporting the above observations. In addition, several pathological statuses have been reported to be associated with endothelial dysfunction, such as diabetes, 11 dyslipidemia 12 and chronic kidney diseases, 13 and RAS inhibitors improved endothelial dysfunction under these conditions. Nonetheless, it remains unclear which factors are pivotal to improvement of endothelial function by RAS inhibition in patients with essential hypertension.
The aim of this study was to investigate whether an ARB, olmesartan and a calcium channel blocker, amlodipine, improved endothelial function as assessed by measuring endothelium-dependent flow-mediated vasodilation (FMD) of the brachial artery in patients with essential hypertension, and if so, which factors among metabolic, renal, inflammatory and oxidative statuses were associated with improvement of FMD.
METHODS

Study design and population
This study was a prospective, randomized crossover trial in which a 4-week pre-study observation period was followed by two sets of a 12-week treatment period. After the observation period, 31 eligible patients (4 women and 27 men, mean age 56±11 years) were randomized to either olmesartan or amlodipine treatment with crossover to the other drug.
Inclusion criteria were age X20 and o75 years, mild-to-moderate hypertension defined as average seated manual cuff BP of 4140-180 mm Hg (systolic BP) or 90-105 mm Hg (diastolic BP) measured in the morning at B0900 hours. Exclusion criteria included secondary hypertension or uncontrolled BP (systolic BP or diastolic BP of 4180 or 105 mm Hg, respectively), or receiving an ARB, ACEI or direct renin inhibitor, pregnancy, history of stroke, acute coronary syndrome or any cardiovascular diseases needing inpatienttreatment within 6 months, end stage renal disease, hepatic dysfunction (either level of aspartate aminotransaminase or alanine aminotransferase exceeding three times normal limits), malignancies or inflammatory diseases.
After being randomly assigned to either of the two groups, for the first 4 weeks, patients received 20 mg olmesartan or 5 mg amlodipine once daily. The patients were asked to visit every 4 weeks to monitor BP/heart rate (HR). The once-daily dose was titrated up to 40 mg olmesartan or 10 mg amlodipine if the BP did not meet p140/90 mm Hg. Other medications including anti-hypertensive, anti-platelet, anti-diabetic or lipid-lowering drugs were maintained throughout the study.
FMD and blood/urine sampling were performed at baseline and after 12 weeks on the treatments. Thereafter, the treatments were switched and the same protocol was applied for another 12 weeks. The study was approved by the ethics committee of National Defense Medical College, and written informed consent was obtained from each subject.
Home and office BP measurement
Patients were asked to measure their BP once every morning in the sitting position, within 1 h of waking up, after at least 2 min of rest, but before taking any drugs or breakfast, and once every evening just before going to sleep. They were asked to record their BP over a 4-week period 14 using electronic arm-cuff devices using the cuff-oscillometric method. All such devices available in Japan have been validated and approved by the Ministry of Health, Labor and Welfare, Japan. 15 Their manufacturers were Omron Healthcare (Kyoto, Japan), A&D (Tokyo, Japan), Terumo (Tokyo, Japan) and Matsushita Electric Works (Osaka, Japan). The devices were purchased by patients themselves, not provided by doctors involved in the study. All devices used for home BP measurement in Japan are certified as having been adjusted to the Association for the Advancement of Medical Instrumentation standard. 15 The mean of all measurements recorded over the 4-week period was calculated for each patient and used for the analysis. Office BPs were measured three times consecutively by the auscultatory method with mercury in the sitting position after a rest of at least 2 min, in regularly scheduled visits by physicians.
Assessment of endothelial function
Endothelial function was assessed by FMD of the brachial artery. After measurement of BP/HR, FMD was measured non-invasively using a highresolution ultrasound apparatus with a 7.5-MHz linear array transducer (Aplio SSA-770A, Toshiba, Tokyo, Japan) according to the guidelines of the International Brachial Artery Reactivity Task Force. 16 All measurements were performed in the morning from 0900 to 1100 hours in a temperaturecontrolled room (25 1C) with the subject in a fasting, resting and supine state. Electrocardiograms were monitored continuously. The subject's dominant arm (right) was immobilized comfortably in the extended position to allow consistent access to the brachial artery for imaging. The vasodilation responses of the brachial artery were observed using a previously validated technique. 17 For each subject, optimal brachial artery images were obtained between 2 and 10 cm above the antecubital fossa. First, baseline two-dimensional images were obtained and after measurement of baseline artery diameter, a narrow-width BP cuff was inflated on the most proximal part of the forearm to an occlusive pressure (200 mm Hg) for 5 min to induce hyperemia. The position of the ultrasound transducer was carefully maintained throughout the procedure. The cuff was then deflated rapidly and twodimensional images of the artery were obtained for 60-120 s after deflation. Using the same method, we measured endothelium-independent vasodilation because of administering nitroglycerin (0.3 mg). The nitroglycerin-mediated vasodilation (NMD) was measured before (baseline) and 5 min after nitroglycerin administration. Throughout the study, FMD and NMD were examined by two cardiologists who were blinded to the treatment regimen of each subject, using the same ultrasound apparatus and probe set for all measurements. All images were recorded as movie files in a hard disk recorder for later analysis. To measure vasodilator responses in each patient's artery, movies were played back and a 10-20 mm segment was identified for analysis using anatomic landmarks. To select images reproducibly for the same point in the cardiac cycle, images at peak systole were identified and the diameter of the artery was digitized using a caliper function of the ultrasound apparatus. For each condition (baseline, FMD, baseline before NMD and after NMD), three separate images from three different cardiac cycles were digitized and their average segment diameters were determined. Both FMD and NMD were expressed as percentage change from baseline. The intra-and inter-observer variability (coefficient of covariance) for repeated diameter measurements at baseline and reactive hyperemia or NMD in the brachial artery were both o3%. 17 Blood sampling before and after heparin injection and EC-SOD measurement Venous blood and urine samples for measurement of biochemical parameters were obtained in the morning after an overnight fast. To obtain post-heparin plasma, blood was drawn 10 min after intravenous heparin (30 unit kg À1 ) injection. Pre-and post-heparin EC-SOD were measured as described below using an enzyme-linked immunosorbent assay. 18 Other biochemical analyses of blood and urine samples Serum total cholesterol, triglycerides, high-density lipoprotein-C, glucose and creatinine levels were determined by standard enzymatic methods. Hemoglobin A1c was determined using high-performance liquid chromatography. Plasma insulin was measured by chemiluminescent enzyme immunoassay. Insulin resistance was evaluated by homeostasis model assessment estimated-insulin resistance according to the method described by Matthews et al. 19 Serum high sensitivity C-reactive protein (hsCRP) levels were measured using a BNII nephelometer (Dade Behring, Germany).
Urine antioxidative capacity was determined using a commercially available kit (Cayman, Ann Arbor, MI, USA) according to the method reported by Miller et al., 20 based on the scavenging of ABTS + (2,2¢-azinobis-(3-ethylbenzothiazoline-6-sulfonate)) radical cations and evaluated by their reactivity relative to a 1.0 mmol l À1 Trolox standard. Urine 8-epi-prostaglandin F2a (8-epi-PGF2a) levels were determined using a commercially available kit (JaICA, Fukuroi, Japan) according to the method of Morrow et al. 21 The estimated glomerular filtration rate (eGFR) was calculated to assess renal function using the modified three-variable equation for Japanese, as recently proposed by the Japanese Society of Nephrology: eGFR¼194Âserum creatinine À1.094 Âage À0.287 Â0.739 (if female). 22 Urine albumin was detected using an enzyme-linked immunosorbent assay, and the urinary creatinine concentration was measured by a standard laboratory method. Urinary albumin excretion was estimated by calculating the albumin:creatinine ratio. Urine monocyte chemoattractant protein-1 was determined by an enzymelinked immunosorbent assay (R&D Systems, Minneapolis, MN, USA).
Statistical analyses
Statistical analyses were performed using the Stat View Version 5.0 software package (SAS Institute, Cary, NC, USA). Measurements are presented as mean±s.d. for parametric variables and median (interquartile range) for non-parametric variables. Differences between two groups were evaluated using the unpaired t-test for parametric variables and the Mann-Whitney U-test for non-parametric variables. Correlations among changes in variables were evaluated using Pearson's correlation coefficient.
RESULTS
The baseline characteristics of each group (olmesartan or amlodipine) are shown in Table 1 . Patients were aged 40-74 years. There were no differences in gender, age, body mass index, smoking status, office BPs, or HR between the groups. The study subjects included seven type 2 diabetic patients among whom, one and two patients experienced coronary artery diseases and ischemic stroke, respectively. As shown in Table 1 , a few subjects were taking other medications. These treatments had not been changed since 1 year before the start of this study. There were no significant differences in complications and medications between the groups.
As shown in Table 2 , 12 weeks of treatment with olmesartan or amlodipine resulted in significant reductions in both systolic BP and diastolic BP at office as compared with the baseline values. Although there were no changes in HR between before and after treatments, HR was significantly lower after treatment with olmesartan compared with amlodipine. Both drugs significantly reduced home BPs in the morning and before sleep. Olmesartan brought about a significant reduction in the home HR in the morning, similar to that in the office HR. Overall, both treatments produced comparable reductions in office and home BPs as previously reported. 23 At 12 weeks of treatment, daily doses of olmesartan were 20 mg in 23 subjects, 40 mg in 8 subjects and those of amlodipine were 5 mg in 21 subjects, 7.5 mg in 1 subject and 10 mg in 9 subjects. The resulting mean doses of the drug at follow-up were 25.8 mg for olmesartan and 6.5 mg for amlodipine.
There were no differences in basal and peak diameters of the brachial artery after FMD/NMD among baseline, olmesartan and amlodipine phase results (Table 3) . Endothelial function as represented by FMD in our study subjects was 3.9±3.0% lower than in healthy subjects. 24 Interestingly, it was olmesartan, not amlodipine, which significantly increased FMD. In contrast, NMD was unchanged after the treatments. Figure 1 shows individual changes in FMD during the study. Olmesartan increased and decreased FMD in 19 and 12 subjects, respectively. We observed no difference in FMD responses among the subjects with (n¼24) or without (n¼7) type 2 diabetes (data not shown). Biochemical parameters are summarized in Table 4 . There were no differences in blood and urine parameters among baseline, and olmesartan and amlodipine phase results. Amlodipine significantly reduced fasting plasma insulin levels and olmesartan also tended to reduce levels. However, there were no changes in serum lipids, fasting blood glucose, hemoglobin A1c or homeostasis model assessment estimated-insulin resistance due to or between the two treatments. Olmesartan slightly, but significantly increased serum creatinine levels and consequently decreased eGFR, though amlodipine did not affect these parameters. Serum levels of hsCRP, an anti-inflammatory marker, were significantly decreased by olmesartan, but not amlodipine, an observation consistent with a previous study. 25 As additional confirmation of the anti-inflammatory property of olmesartan, we measured urine monocyte chemoattractant protein-1 levels finding that, though not statistically significant, olmesartan tended to decrease urine monocyte chemoattractant protein-1 levels. Regarding EC-SOD, an antioxidative property of the vasculature, neither pre-nor post-EC-SOD levels, or the resulting heparin-releasable EC-SOD levels were changed by either treatment.
Among 28 subjects in whom urine albumin levels could be determined, olmesartan significantly decreased the albumin:creatinine ratio compared with amlodipine despite their similar reductions of BP. Other oxidative stress markers in urine determined in this study were urine antioxidant capacity based on the scavenging of ABTS+radical cation and urine lipid peroxidation products and 8-epi-PGF2a. Olmesartan significantly increased the former and decreased the latter while amlodipine did not affect either, indicating that olmesartan exhibited an anti-oxidative property in hypertensive patients.
Next, to further explore potential mechanisms underlying olmesartan-mediated restoration of endothelial function, we examined an association between %DFMD and %Dpre-heparin EC-SOD. As evident in Figure 2 , there was a significant positive correlation between these parameters only for olmesartan. An increase in FMD because of olmesartan was also correlated with one in post-heparin EC-SOD (r 2 ¼0.227, P¼0.01, data not shown), but not endothelium-bound heparin-releasable EC-SOD (data not shown), implying that the total amount of EC-SOD, rather than that of endothelium-bound EC-SOD in the vasculature is important for olmesartan induced changes in endothelial function. Changes in FMD were not associated with other parameters, including BP/HR at office or home, renal function (creatinine, eGFR or albumin:creatinine ratio), oxidative stress (antioxidants or 8-epi-PGF2a) and inflammation (hsCRP or urine monocyte chemoattractant protein-1) (data not shown). We also examined an association between baseline characteristics and improvement in FMD due to olmesartan. Subjects whose FMD was increased by olmesartan had higher hemoglobin A1c (5.1 ± 0.2 vs. 5.5 ± 0.7%, Po0.05) and homeostasis model assessment estimatedinsulin resistance (0.9±0.6 vs. 1.9±1.6, Po0.05) levels compared with those in whom FMD was decreased (data not shown). Other parameters at baseline were not associated with changes in FMD because of olmesartan.
DISCUSSION
The present study demonstrated that the ARB olmesartan improved endothelial function as compared with the calcium channel blocker amlodipine despite achieving similar BP reductions in hypertensive patients. Olmesartan also decreased serum hsCRP levels, urinary excretion of albumin and urine 8-epi-PGF2a levels, and increased antioxidants in urine. Interestingly, olmesartan-mediated restoration of endothelial function was found to be significantly associated with an increase in pre-and post-heparin EC-SOD.
Previously, two trials comparing the effectiveness of ACEI and ARB regarding endothelial function in hypertensive patients produced mixed results. Ghiadoni et al. 7 observed that ACEI, but not ARB, improved endothelial function; whereas Koh et al. 26 reported that both ACEI and ARB increased FMD. The beneficial effect of ACEI on endothelial vasodilator function is reportedly mediated by a bradyki- nin-dependent pathway where ACEI directly inhibits bradykinin degradation by ACE. 27 ARB-mediated improvement of NO availability is also known to be indirectly mediated by bradykinin: ARB stimulates prostacyclin production and Ang II type 2 receptor, resulting in bradykinin B (2)-receptor activation. 28 In addition, both treatments prevent increased NO inactivation due to oxygen radicals by reducing Ang II type 1-receptor-dependent activation of the oxidant enzyme NADPH oxidase and enhancing EC-SOD activity. 29 Furthermore, an Ang II infusion reportedly resulted in increased superoxide anion production and NADPH-dependent oxidase activity, 30 leading to endothelial dysfunction in animal experiments, 31 though endothelial responses were restored by treatment with superoxide dismutase or ARB. 31 Recently, an improvement of endothelial dysfunction in hypertension has been reported to be associated with ACE2, a newly recognized homolog of ACE. ACE2 converts Ang II to angiotensin-1-7 (Ang- (1-7) ), which increased NO release from endothelial cells through its receptor Mas, thus resulting in vasodilation. 32 As olmesartan reportedly increased aortic ACE2 and Ang-(1-7) in conjunction with improved vascular remodeling in spontaneously hypertensive rats, 33 the effect of olmesartan on endothelial function might be mediated by this pathway. In the present study, olmesartan significantly improved endothelial function as compared with baseline and amlodipine (Table 3 ). In contrast, while amlodipine brought about a similar reduction in BP to olmesartan, it did not affect FMD, indicating that the olmesartan-mediated effect on FMD was independent of BP reduction. EC-SOD is a major antioxidant enzyme, which is widely distributed in the extracellular matrix of tissues, especially in the vasculature. 34 EC-SOD is anchored to heparan sulfate proteoglycans on endothelial cells and released by treatment with heparin in vitro and in vivo. Landmesser et al. 35 reported that heparin-releasable (that is, endothelium-bound) EC-SOD activity was substantially reduced in patients Olmesartan improves endothelial function S Takiguchi et al with coronary artery disease, as well as a close relationship between endothelium-bound EC-SOD activity and endothelial function. They also demonstrated that ACEI and ARB improved endothelial function in the radial artery by increasing endothelium-bound EC-SOD activity. 6 Furthermore, the beneficial effects of ACEI/ARB on endothelial function were canceled under the co-administration of vitamin C. 6 These observations imply that EC-SOD bound to endothelium primarily contributes to improvement of endothelial function by increasing NO bioavailability through its antioxidative property. In the present study, olmesartan improved FMD, but did not affect pre-or post heparin-releasable EC-SOD. This discrepancy might be because: (1) we measured expression levels of EC-SOD using ELISA, not SOD activity, (2) total amounts of injected heparin were less than those reported by Hornig et al. 6 (30 IU kg À1 vs. 5000 IU). Interestingly, we found that changes in pre-and post-heparin EC-SOD levels after olmesartan treatment were significantly and positively correlated with those in FMD, indicating the possibility that olmesartan may improve FMD by increasing EC-SOD to some degree, though these changes did not translate into overall changes in pre-and post-heparin EC-SOD levels. These observations are similar to those reported by Naya et al. 36 who found that olmesartan, but not amlodipine, improved endothelium-dependent coronary dilation in hypertensive patients and there was a significant correlation between the changes in endothelial function and SOD levels. Deterioration in renal function, namely chronic kidney disease, is associated with increased cardiovascular morbidity and mortality in the general population and various patient settings. 37 Perticone et al. 13 demonstrated that an impaired endothelium-dependent vasodilatory response is associated with renal dysfunction in hypertensive patients. In the present study, olmesartan, but not amlodipine, significantly decreased eGFR. However, an initial decline in eGFR is reportedly minimized in several months and it eventually stabilizes within a few years, 38 showing that renal function is protected. 39 However, this response appears to be functional in nature and should be expected based on renal physiology (adaptive effect against reduction in glomerular BP) and its dependence on RAS in maintaining GFR. In this regard, it has been observed that early elevation of serum creatinine is associated with improved long-term renal outcomes. Furthermore, our finding that changes in eGFR were not associated with those in FMD indicates that initial reduction in GFR because of ARB is not harmful to endothelial function.
Microalbuminuria is reportedly associated with impaired endothelium-dependent, FMD in patients with or without diabetes. 40 Prevailing experimental and clinical data suggest that generalized endothelial dysfunction, frequently characterized by decreased NO bioavailability, actually precedes the development of microalbuminuria. 41 In the present study, olmesartan, but not amlodipine, significantly attenuated microalbuminuria, consistent with a previous study. 42 However, improvement of FMD was not correlated with the changes in urinary excretion of albumin. Since microalbuminuria is reportedly attributable to various pathogenesis including inflammation and oxidative stress, parameters improved by olmesartan in this study, it is our opinion that such complexities may preclude a one-to-one relationship between endothelial function and microalbuminuria.
A growing wealth of evidence supports the paradigm that inflammation has a pivotal role in the development and progression of atherosclerosis. Several investigators clearly demonstrated that inflammatory mediators induced endothelial dysfunction. 43 Qamirani et al. 44 reported that CRP inhibits endothelium-dependent NOmediated dilation in coronary arterioles by producing superoxide from NAD(P)H oxidase through p38 kinase activation. The present study demonstrated that olmesartan significantly reduced serum hsCRP levels as previously reported. 25, [45] [46] [47] However, the changes in hsCRP levels were not associated with those in FMD. As in the case of microalbuminuria, as RAS inhibition produces pleiotropic effects, there may not be a simple one-to-one correlation between serum hsCRP levels and endothelial function either.
Study limitations
First, this study was not blinded and had a small sample size, which represents a possible limitation. To deal with this potential bias, measurements were performed by investigators unaware of the randomization status. In addition, all measurements were recorded, and subsequently, vessel diameter and blood flow velocity were analyzed by two investigators unaware of the sequence of interventions or assignment to treatments. Second, there was no washout period, which would in theory yield a carry-over effect. The statistical analysis, however, showed no evidence of a carry-over or time sequence effect on the end points evaluated in this study, including BPs both at office and home, anthropometric parameters, laboratory parameters and FMD/NMD of brachial artery. Therefore, any carry-over effect in this study would have been minimal. Finally, as the study subjects included diabetic patients, they were a heterogeneous population. This would be a limitation as well as a strength. In a subgroup analysis, there was no difference in response for the various parameters between the whole group and non-diabetic subjects.
In conclusion, olmesartan improved endothelial dysfunction, which was associated with changes in EC-SOD, decreased serum CRP, and attenuated microalbuminuria and oxidative stress in hypertensive patients. These effects of olmesartan could constitute a beneficial cardioprotective property to supplement its BP-lowering effect.
